Abstract. Previous studies have revealed that exosomes influence tumour metastasis, diagnosis and treatment. In addition, exosomal microRNAs (miRNAs/miRs) are closely associated with the metastatic microenvironment; however, the regulatory role of exosomal miRNAs from prostate cancer cells on bone metastasis remains poorly understood. In the present study, a series of experiments were performed to determine whether exosomal miR-375 from LNCaP cells promote osteoblast activity. Exosomes were isolated and purified by ultracentrifugation, total RNA from cells and total miRNA from exosomes were then extracted, and miR-375 levels were detected by reverse transcription-quantitative polymerase chain reaction. Exosome libraries from LNCaP and RWPE-1 cells were sequenced and selected using an Illumina HiSeq™ 2500 system. The effects of exosomes on osteoblasts were determined and osteoblast activity was evaluated by measuring the activity of alkaline phosphatase, the extent of extracellular matrix mineralisation and the expression of osteoblast activity-associated marker genes. Morphological observations, particle size analysis and molecular phenotyping confirmed that cell supernatants contained exosomes. Differential expression analysis confirmed high miR-375 expression levels in LNCaP cell-derived exosomes. The ability of exosomes to enter osteoblasts and increase their levels of miR-375 was further analysed. The results demonstrated that exosomal miR-375 significantly promoted osteoblast activity. In conclusion, the present study may lead to further investigation of the function role of exosomal miR-375 in the activation and differentiation of osteoblasts in PCa.
Introduction
Prostate cancer (PCa) is a common cancer of the male urinary system, particularly in Europe and the United States (1, 2) . Bone is a common target for PCa metastasis, and 80-90% of advanced PCa cases present various degrees of bone metastasis (3) . Approximately 50% of patients with PCa presenting bone metastases succumb within 2-3 years of diagnosis. This disease not only seriously affects the quality of life of patients, but is also associated with a heavy financial burden to society and the families of patients (4, 5) . Bone metastasis is a continuous, multi-step and multifactorial cascade reaction, involving the transformation of tumour cells, which react with the microenvironment. The bone metastatic process is therefore complex and remains unclear.
Exosomes are small vesicles with a diameter of 30-150 nm secreted by most cells under normal and pathological conditions (6) . Early studies suggested that exosomes are used as protein transporters, which target specific receptor cells and trigger downstream signalling events (7) . Studies prior to 2007 revealed that exosomes also carry nucleic acids, and are involved in intercellular communication (8) . Recently, a large number of studies have confirmed that tumour-associated exosomes serve significant roles in tumour metastasis, tumour diagnosis and monitoring, and tumour therapy (9, 10) . Tumour cells release a large number of exosomes rich in microRNAs (miRNAs/miRs), which modify the microenvironment to facilitate tumour metastasis (11) . miRNAs are non-coding, small RNA molecules that bind to the 3'-untranslated region of target mRNAs to regulate and alter the expression of target genes. Previous studies have demonstrated that mRNA expression in receptor cells is inhibited by exosome-mediated miRNAs (12, 13) . In addition, exosomal miRNAs secreted by cancer cells impact the status of cells at the metastatic site, which influences the formation of a metastatic microenvironment (14) . Bone metastasis in PCa is closely associated with the interaction between tumour cells and the bone microenvironment, where exosomal miRNAs have an important regulatory role as signalling molecules (15) . Numerous studies have reported that the expression of exosomal miRNAs is associated with PCa development (16, 17) . However, the regulatory role of exosomal miRNAs from PCa cells in the bone microenvironment remains poorly understood. The present study aimed to investigate the effects of exosomal miRNAs from PCa cells on the biological activity of osteoblasts, which are a key component of the bone microenvironment.
Materials and methods
Cell culture. LNCaP, PC-3, DU-145, 22RV1, (PCa cells lines) RWPE-1 (normal prostatic epithelial cells) and hFOB1.19 cell lines (osteoblasts) were purchased from American Type Culture Collection (Manassas, VA, USA). hFOB1.19 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 (HyClone; GE Healthcare Life Sciences, Logan, UT, USA). LNCaP, PC-3, DU-145, 22RV1 and RWPE-1 cells were grown in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). All culture media were supplemented with 10% foetal bovine serum (Gibco; Thermo Fisher Scientific) and 100 U/ml penicillin and 100 mg/ml streptomycin (HyClone; GE Healthcare Life Sciences), at 37˚C in 5% CO 2 .
Exosome isolation. Cellular exosomes were isolated, according to a previous method (18) . Cells were cultured in media supplemented with FBS depleted of exosomes. FBS depleted of exosomes were ourchased from Gibco; Thermo Fisher Scientific, Inc. Supernatants were ultracentrifuged to obtain exosomes according to the protocol outlined in a previous study (7) . Supernatants were collected after 48 h, centrifuged at 500 x g for 10 min and filtered (0.22 µm micropores) to remove dead cells and large debris. Subsequently, exosomes were collected, washed with PBS, ultracentrifuged at 100,000 x g for 90 min at 4˚C and resuspended in PBS. NanoSight Tracking Analysis LM20 system (NanoSight Ltd., Malvern, UK) was used to examine exosome size distribution, and images of exosomes were captured with a transmission electron microscope (TEM-1400plus; JEOL Ltd., Tokyo, Japan).
Transmission electron microscopy (TEM)
. An aliquot of exosomes (100 µl) was diluted with PBS, and a drop of suspension was placed on a sheet of parafilm. A copper grid was placed on the drop for 2 min at room temperature and was subsequently placed onto a drop of 2% phosphotungstic acid for a 2-min staining process. The embedding resin used for TEM was HPBIO-JM3852 (purchased from Hepeng Shanghai Biotechnology Co., Ltd., Shanghai, China). The grid was air dried for several minutes and was examined using a transmission electron microscope (TEM-1400plus; JEOL Ltd.).
Flow cytometry. The exosomal pellet was diluted with filtered PBS (100 µl) and placed on ice, and the exosomal pellet samples was blocked with serum (Shanghai yuduo biotechnology Co., Ltd.) at 37˚C 30 min prior to antibody incubation. The fluorescent antibodies (20 µl) against cluster of differentiation (CD)63 (1:1,000; ab134045; Abcam) and CD81 (1:1,000; ab79559; Abcam) were added for 30 min and incubated at 37˚C, followed by incubation with horseradish peroxidase (HRP)-coupled goat anti-rabbit IgG H&L (1:5,000; ab6721; Abcam). The samples were stained with CD63 and CD81 separately. Unstained exosomes were used as a negative control. A BD FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA) flow cytometer was used to perform the analysis.
Differential expression analysis of exosomal miRNAs.
Exosomes were collected and used to construct a cDNA library. The protocol for construction of the library: Total RNA was isolated using the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RNA purity was assessed using the ND-1000 Nanodrop. RNA integrity was evaluated using the Agilent 2200 TapeStation (Agilent Technologies, Inc., Santa Clara, CA, USA) and each sample had a RINe >7.0. Briefly, RNAs were ligated with 3'RNA adapter, followed by 5'adapter ligation. Subsequently, the adapter-ligated RNAs were subjected to RT-PCR and amplified with a low-cycle. The PCR products were size selected by PAGE gel according to instructions of NEBNext ® Multiplex. The original 50 nt raw reads were preliminarily filtered, and clean reads were obtained through Illumina HiSeq™ 2500 sequencing (Illumina, Inc., San Diego, CA, USA). Distribution of sequence length and the consensus sequence of the sample were calculated statistically. Clean reads were classified and annotated to obtain the composition and expression information of various small RNAs in the samples. miRNA sequences were compared with known human miRNA sequences from the miRBase 21.0 database (http://www.mirbase.org/). Scatter plots and log2 ratios were used to compare the co-expression of miRNAs. Edger analysis was used to analyse the significance of miRNA differences in each group (LNCaP and RWPE-1) and to calculate the P-value to screen for differentially expressed miRNAs. RStudio 1.1.463-Windows Vista/7/8/10 software was used to perform cluster analyses.
Co-culture and transduction. A lentiviral vector system encoding cytomegalovirus (CMV)-driven red fluorescent protein (RFP)-tagged CD63 (CMV-RFP-CD63) was used to label the exosomes from LNCaP or RWPE-1 cells (Shanghai SunBio Biomedical Technology Co., Ltd., Shanghai, China). Transwell chambers (0.4 mm pore filters; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were used for the co-culture, according to the manufacturer's protocol. Osteoblasts (hFOB1.19 cells) (5x10 4 cells) were seeded into the lower chambers, whereas LNCaP (5.0x10 4 cells) or RWPE-1 (2.5x10 4 cells) cells were seeded into the upper chambers and cultured for 72 h. Exosome labelling was performed using the lentiviral vector system encoding CMV-RFP-CD63 (Shanghai SunBio Biomedical Technology Co., Ltd.). A pre-experiment was conducted the day before the co-culture experiment, according to the manufacturer's protocols, and a multiplicity of infection (MOI) was determined at 100. Cells were infected with the lentivirus at MOI 100. Transwell inserts with a 0.4-mm pore-sized filter (Sigma Aldrich; Merck KGaA) for six-well plates were used according to the manufacturer's protocol.
Cell proliferation assay. Osteoblasts (hFOB1.19 cells) cultured for 24 h were serially diluted with culture medium, and absorbance values were measured following the addition of Cell Counting kit-8 (CCK-8) (Cat. No.: HY-K0301, MedChemExpress USA) reagent for 8 h 37˚C, in order to produce a standard curve. Subsequently, cells were seeded in a 96-well plate (5,000 cells/100 µl/well) and 10 µl CCK-8 solution was added to each well. Cells were incubated for 4 h 37˚C, and absorbance was measured at 450 nm using a microplate reader.
miR-375 mimics transfection. The osteoblast cells were incubated at 5x10
4 /ml in 24-well culture plates containing complete medium. Once cell density reached 30-50% confluence, cells were transfected. Briefly, 1.25 µl 20 µM miRNA mimics was diluted with 30 µl 1X riboFECT™ CP Buffer and mixed (Guangzhou Ribobio Co., Ltd.). Subsequently, 3 µl riboFECT™ CP Reagent was added to the cell culture plate and mixed slightly, and the plate was incubated at room temperature for 15 min. The riboFECT™ CP and miRNA mimics mixture was finally added to the culture plates, slightly mixed, and incubated in an atmosphere containing 5% CO 2 for 24-96 h 37˚C. Finally, reverse transcription-polymerase chain reaction (RT-PCR) was used to confirm whether transfection was successful (Fig. 3B ). micON™ negative control (cel-miR-239b-5p; cat. No:10000728-1-5) was used as a control (Guangzhou Ribobio Co., Ltd.); the miR-375 mimics sequence was as follows: Mimics sense: 5'-UUU GUA CUA CAC AAA AGU ACU G-3'. Mimics antisense: 5'-CAG UAC UUU UGU GUA GUA CAA A-3'.
Alkaline phosphatase (ALP) and Alizarin red staining. The cell suspension (200 µl) was seeded in 24-well plates at 5x10 4 /ml and cultured for 3 weeks at 37˚C in a humidified atmosphere containing 5% CO 2 . Cell culture medium was changed every 2 days, medium was discarded after 2 weeks and cells were washed with PBS. Cells were then fixed for 4˚C 20 min with 95% ethanol and washed three times with PBS. ALP and 0.1% Alizarin red were added (3 ml/well) (Roche Group, Swiss) at 37˚C for 20 min. Cells were then washed three times with PBS, and images were assessed with a fluorescent microscope (Nikon Corporation, Tokyo, Japan; x40 magnification).
RT-quantitative PCR (RT-qPCR).
Total RNA was extracted from Osteoblasts (hFOB1.19 cells) using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.). Total miRNA was extracted from exosomes using mirVana miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc.). Total RNA was treated with TURBO DNase (Ambion; Thermo Fisher Scientific, Inc.) and cDNA was produced using the RT kit and was conducted according to the manufacturer's protocol. (Takara Biotechnology Co., Ltd., Dalian, China). Primers against mRNAs were purchased from Sangon Biotech Co., Ltd., (Shanghai, China) (Table I) . Each experiment was performed in triplicate, and the mean value of the three-cycle threshold was used for further analysis. Cel-miR-39 was used as an internal control for miRNA. The expression levels of miRNA were normalised to U6, and the relative quantification was calculated using the 2 -ΔΔCq method (19) . The primers for miR-375 were as follows: Forward 5'-AGC CGT TTG TTC GTT CGG CT-3' and reverse 5'-GTG CAG GGT CCG AGG T-3'. The primers for U6 were as follows: Forward 5'-CTC GCT TCG GCA GCA CA-3' and reverse 5'-AAC GCT TCA CGA ATT TGC GT-3'. Amplification was conducted at 95°C for 10 min, followed by 40 amplification cycles at 95°C for 10 sec and 60˚C for 30 sec. The ABI Prism 7500 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to perform qPCR (Qiagen China Co., Ltd., Shanghai, China).
Western blotting. Cells were harvested and proteins were extracted as previously described (20) . A protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to determine protein concentrations, and 2 mg/ml samples were loaded onto 10% SDS-PAGE gels to separate the samples according to their molecular weight. PVDF Membranes was blocked with TBST buffer (0.05% Tween-20) at room temperature for 60 min. PVDF Membranes were incubated with rabbit monoclonal anti-Golgin subfamily A member 2 (GM130; cat. no. ab52649; Abcam, Cambridge, UK) at 1:1,000, rabbit monoclonal anti-CD9 (cat. no. ab134045; Abcam) at 1:1,000, rabbit monoclonal anti-Alix (cat. no. ab186429; Abcam), at 1:1,000 and rabbit monoclonal anti-heat shock protein (Hsp)70 (cat. no. ab181606; Abcam) at 1:1,000. All primary antibody staining was performed overnight at 4°C. Horseradish peroxidase-coupled goat anti-rabbit immunoglobulin G H&L (cat. no. ab6721; Abcam) at 1:5,000 was used as a secondary antibody for 45 min at 37˚C. β-actin (cat. no. mAbcam8226; Abcam) at 1:1,000 was used as a loading control. ECL was used to visualize blots (cat. no. WLA003; Wanleibio).
Statistical analysis. SPSS 18.0 software (SPSS Inc., Chicago, IL, USA) for windows was used to perform all statistical analyses. All experiments were repeated three times. The results are presented as the mean ± standard deviation. Two-tailed Mann-Whitney U-test was used to analyse non-parametric data. Multigroup comparisons of parametric data were conducted using one-way analysis of variance (ANOVA) with Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Exosome identification in cell supernatants of the LNCaP cell line. As presented in the TEM images (Fig. 1A) , LNCaP-isolated exosomes were round, oval or cup-shaped, lipid bilayer membranous vesicular structures (red arrow). Cell debris and cellular organelles were not observed in the entire field of view (Fig. 1A) . The exosome population contained particles with a diameter between 30 and 150 nm, with a distribution peak of 72 nm (Fig. 1B) . Western blotting demonstrated that exosome populations expressed common exosome protein markers, including CD9, Hsp70 and Alix; however, GM130 was not detected (Fig. 1C) . Flow cytometric analysis revealed clear expression of CD63 and CD81, with a positive expression rate of >70% (Fig. 1D) .
Differential expression analysis of exosomal miRNAs. The exosome sequencing libraries of LNCaP and RWPE-1 cell lines were sequenced and filtered by Illumina HiSeq™ 2500. The sequences obtained were compared with those in the miRBase 21.0 database, in order to provide information about each miRNA and its expression levels. The percentage of miRNA in the sample was ~6.51% ( Fig. 2A) . Variations in miRNA expression between the groups were compared by scatter plot analysis using the log2 ratio (Fig. 2B) . Results revealed that exosomes isolated from PCa cells exhibited 298 differentially expressed genes (|log2(fold-change)|>1), with 100 downregulated and 198 upregulated miRNAs, compared with exosomes from the control group (RWPE-1). Among these, 50 miRNAs demonstrated significantly different expression (P<0.01), including 37 that were downregulated and 13 that were upregulated (Table II) .
In addition, 50 differentially expressed miRNAs were identified, and cluster analysis could fully distinguish between the two types of exosomes (Fig. 2C) . In exosomes from LNCaP cells, miR-375, miR-200c-3p and miR-141-3p expression levels were upregulated, whereas miR-100-5p, miR-584-5p and miR-125b-1-3p were downregulated (Fig. 2D) . Subsequently, miR-375 levels in exosomes from PCa cells were significantly higher than those from RWPE-1.0 exosomes (P<0.05; Fig. 2E ).
Osteoblast activity is promoted by exosomal miR-375.
CMV-RFP-CD63 lentivirus was used to infect LNCaP and RWPE-1 cells that would generate RFP-labelled exosomes, prior to the setting up of a co-culture system. After 72 h, a substantial level of RFP-labelled exosomes was observed in osteoblasts cultured with LNCaP cells (Fig. 3A) . In addition, the expression levels of miR-375 were markedly increased in osteoblasts cultured with LNCaP cells; however, it was unclear as to whether the elevated miR-375 levels observed in osteoblasts were derived from exosomes produced by these cells. Osteoblasts were therefore treated with LNCaP-derived exosomes, as a control group. The results demonstrated that osteoblasts treated with LNCaP-derived exosomes also exhibited high levels of miR-375 (Fig. 3B) . These findings suggested that exosomes from LNCaP cells enriched in miR-375 may enter osteoblasts to increase their miR-375 expression. In addition, the proliferative activity of osteoblasts was significantly increased following co-culture with LNCaP cells (Fig. 3C) .
Afterwards, osteoblasts were transfected with miR-375 mimics to determine whether the alterations in the proliferative activity of osteoblasts were associated the expression levels of exosomal miR-375 (Fig. 4) . Subsequent staining revealed the presence of a large number of brown ALP particles in the cytoplasm (Fig. 4A) . Furthermore, a significant increase in ALP activity was observed compared with the control group that had been transfected with the negative control miRNA (P<0.01; Fig. 4C ). Alizarin red staining revealed apparent orange-red calcium nodules in osteoblasts (Fig. 4B) . Alizarin red quantification revealed that the extent of extracellular matrix mineralisation in the miR-375 mimics-transfected cells was significantly higher compared with in the control group (P<0.05; Fig. 4C) . Furthermore, the proliferative activity of osteoblasts was significantly increased in the group transfected with miR-375 mimics (P<0.05; Fig. 4D ). RT-qPCR results revealed that osteoblasts transfected with miR-375 mimics overexpressed osteoprotegerin (OPG), osteopontin (OPN), runt-related transcription factor 2 (RUNX2) and bone sialoprotein (BSP) (Fig. 4E) , which are osteoblast activity-associated marker genes.
Discussion
Johnstone et al previously isolated and extracted exosomes from reticulocyte culture medium; these membranous vesicles are released into the extracellular matrix by the fusion of cellular multivesicle bodies and cytoplasmic membranes (6) . Studies have since revealed that most cells, including tumour cells, generate and secrete exosomes (21, 22) . Their roles are to carry proteins, lipids and nucleic acids from their parent cells to target cells, and therefore participate in the intercellular communication that regulates the tumour metastatic microenvironment (23) . In the present study, morphological observation and particle size analysis were used to confirm that the cell-extracted particles had the characteristics of exosomes.
Exosomes contain various proteins, and DNA, mRNA, miRNA and long non-coding RNA molecules (24) . The majority of exosomes harbour a common protein or protein family that can be used as exosome markers. These proteins include the following: The membrane-associated proteins CD9, CD63, CD81 and CD82; the cytoplasmic proteins Hsp70 and Hsp90; some important components of the internal body separation complex, including Alix and tumour susceptibility 101; the membrane transport and fusion proteins Rab and GTP; and membrane proteins, including Annexins (25, 26) . In the present study, five protein markers (CD9, CD63, CD81, Hsp70 and Alix) were selected as exosomal markers, whereas GM130 was used as a negative marker, as the cis-Golgi marker GM130 is only present in cell lysates. These results confirmed that the vesicles isolated from the conditioned media were exosomes based on their marker protein expression as the isolated exosomes were positive for the exosomal marker and negative for the cis-Golgi marker GM130.
The results revealed that the particles isolated from the cell supernatants presented all these markers, confirming that these particles were exosomes.
Altered levels of miRNAs have previously been associated with the development of PCa (27, 28) . Furthermore, exosomal miR-375 is closely related to the development of PCa. In addition, Huang et al identified miR-375 as a promising prognostic biomarker in castration-resistant PCa (29) . Foj et al reported that miR-375 levels are significantly upregulated in the urinary exosomes of patients with PCa, thus suggesting that miR-375 may be used as a valuable biomarker in the detection and prognosis of PCa (30) . In the present study, next-generation sequencing differential expression analysis demonstrated that the top three upregulated miRNAs in LNCaP-isolated exosomes were miR-375, miR-200c-3p and miR-141-3p compared with in RWPE-1-isolated exosomes. Furthermore, the top three downregulated miRNAs in LNCaP-isolated exosomes were miR-100-5p, miR-584-5p and miR-125b-1-3p compared with in RWPE-1-isolated exosomes. The RT-qPCR results revealed that the expression levels of exosomal miR-375 were significantly increased in PCa cells (P<0.05), and that LNCaP-isolated exosomes presented increased expression levels of miR-375. These findings were in line with the high expression levels of miR-375 identified in exosomes from LNCaP cells and confirmed the association between exosomal miR-375 and PCa.
Bone metastasis is the most common complication in advanced stages of PCa, and the main cause of mortality in patients with PCa (31). This disease is characterised by bone lesions, particularly in the trunk bones. This topic has received significant interest in recent years. Various studies (32, 33) have supported the theory of 'seed soil' put forward by Stephen Paget, which suggests that invasive tumour cells can only proliferate in microenvironments suitable for their growth, and that they form metastatic lesions in specific tissues and organs (34) . The impact of the microenvironment on tumour growth and metastasis has also been revealed in another study, suggesting that tumour cells and osteoblasts can remotely interact with each other and promote the proliferation of one another (35) . Increasing evidence suggests that the development of PCa is closely associated with the interaction of tumour cells and osteoblasts (36) .
Osteoblasts are an important type of cell involved in the synthesis of bone matrix and mineralisation, bone growth and development, and regulation of damage and repair. These cells have been reported to serve an important role in the bone metastatic microenvironment. The differentiation and maturation of osteoblasts involve various factors, including miRNAs (37) . In the present study, a high level of RFP fluorescence was observed in osteoblasts cultured with CMV-RFP-CD63-infected LNCaP cells, miR-375 levels in osteoblasts were significantly increased, and osteoblast proliferation was significantly enhanced. ALP is an extracellular enzyme secreted by osteoblasts that is used as an important index for the early differentiation of osteoblasts (38) . The results of the present study revealed that ALP levels were increased in the cell cytoplasm following miR-375 mimics transfection.
Calcium nodules are important markers in the late stages of osteoblast differentiation and indicate the level of extracellular matrix mineralisation. Alizarin red staining is a common method used to observe the formation of these nodules and therefore determine the degree of osteoblast differentiation, since calcium ions in calcium nodules can be chelated with Alizarin red to form a red complex (39) . The present results of Alizarin red staining revealed the deposition of orange-red calcium nodules in osteoblasts post-transfection. Quantitative analysis revealed that the level of extracellular matrix mineralisation by osteoblasts was significantly higher post-transfection than that in the control group (P<0.05). Furthermore, compared with the control cells, miR-375 mimic-transfected osteoblasts exhibited significantly increased expression levels of OPG, RUNX2, OPN and BSP, which are associated with osteoblast activity and differentiation. These findings suggested that stimulating osteoblast activity may contribute to the development of bone metastasis in patients with PCa.
In conclusion, the present study confirmed that miR-375 was highly expressed in exosomes from the LNCaP cell line, and that the LNCaP-derived exosomes may preferentially reach osteoblasts and increase their levels of miR-375. In addition, exosomal miR-375 may significantly promote osteoblast activity. The molecular mechanisms underlying the association of exosomal miR-375 with the activation and differentiation of osteoblasts, and the mechanism underlying bone metastasis in patients with PCa require further investigation.
